Context: Hypofractionated intensity-modulated radiotherapy (IMRT) under image guidance using helical tomotherapy for prostate cancer improves therapeutic ratio.
INTRODUCTION
Radiotherapy for prostate cancer is in an exciting and challenging era. It has benefitted from advances in imaging and technology for both diagnostic and therapeutic improvement. Evidence for improvement in therapeutic ratio over the last decade has come in the form of randomized trials. [1] [2] [3] [4] [5] Use of conformal radiotherapy techniques has shown superiority over conventional radiotherapy methods in reducing late rectal toxicity, which remains the dose-limiting organ at risk in prostate external beam radiotherapy. [6] [7] [8] A number of randomized trials have shown to improve the control of prostate cancer using higher doses as compared to conventional doses using prostate-speciûc antigen (PSA) as a surrogate end point. These trials have shown an improvement in biochemical control rates between 6% and 19% by raising the radiation doses from 64-70 Gy to 74-78 Gy. Dose escalation has however come at a cost of significant increase in clinically relevant late rectal toxicity. [9, 10] Intensity-modulated radiotherapy (IMRT) can offer the potential to reduce rectal toxicity. [11] This has been shown in a prospective, but not randomized, series of over 770 patients treated at the Memorial Sloan Kettering Cancer Center. [6] Traditionally, the a/b ratio (where a and b are the linear and quadratic components, respectively, of the cell kill) of 10 Gy is used to calculate the biologically equivalent dose for acute toxicity and tumor response. Recently several investigators have alluded to the fact that prostate cancer may have a high fractionation sensitivity due to a low a/b ratio of around 1.2-1.5. [12] On the other hand, it has been suggested that the rectum, which is the dose-limiting organ in prostate radiotherapy, has a/b ratio of between 3.6 and 6.0. [12] If this difference is truly present, there is potential to escalate the total biological doses by using hypofractionated schedules with acceptable rectal toxicity and shorter overall treatment duration.
Using large dose fractions with tight margins as used in IMRT raises the risk of under dosage of the target with every fraction due to potential internal prostate motion. The prostate moves internally in response to variations in rectal and, to some extent, bladder filling. [13] Solutions to correct the position of the gland before treatment include ultrasound guidance, fiducial marker implantation and daily computed tomography (CT) imaging. [14] [15] [16] Helical tomotherapy (HT) is one such technology platform to deliver IMRT with 3D image guidance capability. It uses a 6-MV linear accelerator mounted on a slip-ring CT gantry that delivers radiation helically, using a modulated fan beam. The fan beam is modulated as a function of the gantry angle by a 64-leaf binary MLC. Due to the large number of beam angles used per gantry rotation (a 360º circle, which is modulated at 7º intervals) and the small open-close time of the MLC leaves (20 ms to open or close), a very high level of intensity modulation can be achieved. An onboard CT detector is used for acquiring megavoltage CT (MVCT) images, giving the system image guidance capabilities. This is a report on the clinical and dosimetric experience for patients with prostate cancer treated using hypofractionated regimen on HT.
MATERIALS AND METHODS
The primary objective of the current report was to investigate the feasibility of delivering hypofractionated IMRT with MVCT-based image guidance and to document dosimetric, treatment delivery and acute toxicity parameters. Patients were treated as part of a prospective feasibility study approved by the Institutional Review Board (IRB) after written informed consent. The study cohort included 53 patients of adenocarcinoma of the prostate, registered at the centre from November 2007 to April 2011.
Patient evaluation included a detailed history and complete physical examination. Baseline blood studies included baseline complete blood counts and standard biochemistry tests. A PSA level was obtained for each patient within 6 weeks of registration. Staging investigations included a bone scan, and CT scan of the chest abdomen and pelvis. An MRI of the pelvis was also done in case the seminal vesicles were not clinically involved. Patients with involvement of SV on MRI were treated as T3b.
All patients had newly diagnosed low, intermediate or high risk prostatic adenocarcinoma. Low risk was defined as PSA <10 ng/ml or Gleason score 6; intermediate risk was defined as PSA [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] or Gleason score 7 and high risk group was defined as cT3b-T4, PSA > 20 or Gleason score 8-10 based on the Roche formula. [17] None of the patients had received any radiotherapy prior to accrual or had any evidence of distant metastasis. Hormone therapy for intermediate and high risk patients was given in the form of LHRH analog and an antiandrogen in the first 3-4 weeks to prevent testosterone flare. The LHRH analog was continued during radiotherapy and later for a period of 6 months to 24 months depending on the risk grouping. The general characteristics of the patients are shown in Table 1 .
Radiotherapy planning preparation and contouring have been previously described. [18] Briefly, the following steps were performed consistently for all patients and target/OAR delineation was approved by a single physician (VM).
Patient preparation
Bowel preparation: Specific steps such as use of laxatives or self-administered enema were not used for bowel preparation. Patients were however instructed to empty their bowel before the planning CT scan and each treatment.
Bladder filling protocol: We followed a predefined bladder filling protocol to achieve a comfortably full bladder and all patients were asked to void completely and to drink 500 ml of plain water 45 minutes prior to acquiring the CT scan. This protocol of bladder filling was followed daily during treatment to displace bowel from high dose regions and minimize displacement of prostate due to variable bladder filling.
Patients were simulated in supine position with hands over chest and a knee rest in place. Three fiducial markers were placed over skin at laser intersections; one at symphysis pubis and two laterally at the lateral aspect of thighs. CT simulation was performed on a 4-slice CT scanner ("Somatom," Siemens, USA). Contrast-enhanced CT scans were taken from 1 st lumbar vertebra to 5 cm inferior to the ischial tuberosity, with a slice thickness of 3 mm. Laser marks were permanently tattooed for further setup during treatment and those were considered as setup points.
Volume delineation was done on the Coherence Dosimetrist workstation (Ver.2.2.130, Siemens Medical Solutions, USA). For consistency, all the contours were checked and finalized by a single radiation oncologist (VM).
For patients without clinical or radiological involvement of SV, the whole of prostate gland including any ECE and the base of seminal vesicles defined as the proximal 0.5 cm of the SV was delineated as the CTV. [19] The distal, uninvolved SV was included in the pelvic nodal volume as described below. For patients with SV involved by disease (T3b), entire prostate and whole of the seminal vesicles were included in the CTV. Although MRI coregistration was not done, the apex of prostate was identified carefully from the diagnostic MR images. A 3D margin of 7 mm was grown in all directions except the posterior rectal interface to where it was kept at 5 mm to generate the PTV.
All except 8 patients received pelvic nodal irradiation in addition to the prostate and SV. The prophylactic lymph nodal delineations follow the pattern shown in the RTOG website. [20] Briefly, contouring of nodal CTV started from the level of bifurcation of common iliac vessels i.e. usually at L5-S1 junction. Contouring included the common iliac vessels for patients with the presence of gross nodal disease in the pelvis. Contour was drawn around the major vessels with margins of about 5 mm and then modified depending on the anatomical boundaries like bone, muscles and peritoneum. The external iliac contouring was stopped at the top level of the femoral head and the femorals were not contoured. The upper external iliac region delineation also included the lateral and medial pre-sacral nodal area from S1-3 with a thickness of 8-10 mm from the anterior sacral wall. The internal iliac lymph node contouring (including the obturator node) was stopped at the beginning of the obturator foramen. The caudal part of the volume included the distal part of the SV when it was uninvolved clinico-radiologically. In the two patients in whom there was radiological evidence of lymph node involvement, the node was contoured according to its pre-hormonal size and a PTV of 5 mm was grown. A 3D volumetric margin of 7 mm was grown all around the prophylactic and gross nodal CTV to generate the respective nodal PTV. A 1 cm thick shell volume was created 5 mm away and around the PTVs to control the dose spillage beyond the targets, improve dose conformity and have a sharper dose fall off.
Among the organs at risk, rectum was contoured as a solid structure starting from the recto sigmoid flexure up to the bottom of ischial tuberosity. The rectal wall was not drawn separately. The entire bladder was contoured as a solid structure from the dome to the base including the wall. Bowel was represented by a single solid structure encompassing the peritoneal cavity and any loops of bowel in the pelvis. The upper extent was kept constant at 5 cm superior to the uppermost extent of the pelvic nodal PTV to have comparability of the dose volume data. Penile bulb was drawn carefully on the CT image below the pelvic diaphragm with reference to the MRI of pelvis. Both femoral heads were drawn within the acetabulum without including the neck of the femur.
All image and volume datasets were transferred to the proprietary tomotherapy treatment planning station (version 2.2.4, Tomotherapy Inc., USA) for inverse planning. Planning was done as a single phase Simultaneous Integrated Boost (SIB) technique. The tomotherapy planning system uses a convolution-superposition algorithm for dose calculation and a least squares minimization function for optimization during inverse planning. Treatment planning parameters unique to tomotherapy are field width, pitch and modulation factor. The field width is the thickness of the fan beam selected for treatment. Most HT units are commissioned with three clinical field widths (1 cm, 2.5 cm and 5 cm). The pitch is the distance traveled by the couch per gantry rotation as a fraction of the field width. The modulation factor is the ratio between maximum and average beam intensity and determines the speed of gantry rotation, and all these parameters have been explained in depth in other publications.
[21] For all cases, a field width of 2.5 cm, pitch of 0.3 and maximum modulation factor of 3-3.5 was used during optimization.
Due to the nature of the feasibility study and the associated initial learning curve, the prescribed dose to prostate and nodal volume varied progressively. However, the different regimen used had relatively equivalent biologic effective dose (BED) as shown in Table 2 (a/b for prostate 1.5 to 3 Gy; the 2 Gy equivalent doses calculated). The prostate BED3 ranged from 110 to 129.7Gy and for nodal region 72 to 87.68 Gy.
We started with usual conventional dose to prostate from 66 Gy/33# with 2 Gy per # and this was followed by dose escalation to 74 Gy/35#. As no ≥ grade 3 acute GI or GU toxicity were observed, we moved to hypofractionated schedules from 2.64 Gy, 2.5 Gy and 2.0 Gy per fraction with BED Gy3 124.08, 114.6 and 110 Gy 3 respectively. The pelvic CTV dose per fraction was also changed from 1.57 to 2.25 Gy per fraction accordingly [ Table 2 ].
The main focus during planning was achieving acceptable target coverage with optimal organ sparing. For PTV, the goal was to deliver more than 95% of the prescribed dose to 100% of the volume, while keeping dose homogeneity as high as possible. For the rectum and bladder, the planner started by reducing the dose in the high dose regions of the DVH then in the intermediate and low dose regions as far as possible while maintaining the PTV coverage. The constraints for OAR in hypofractionated regimen were appropriately scaled down based on the Linear Quadratic Model. [22] Due to the complexity of Tomotherapy treatments, a patient specific QA or a Delivery (DQA) is performed for every treatment plan (similar to IMRT QA for conventional IMRT). A DQA procedure involves delivering the treatment to a "cheese phantom" and assessing the dose delivered by various means. A DQA plan is prepared where the dose distribution delivered by the particular treatment plan is recalculated on the phantom. When the treatment procedure is delivered to the phantom, measurements are made within the phantom using film (either EDR2 or GAF Chromic film) and an ion chamber (A1SL). These measurements are compared with the values from the calculated dose distribution and should be within a tolerance of ± 3% (for film, the tolerance criteria used is a gamma value of 3% Dose difference and 3 mm distance-toagreement). A more detailed description of the DQA procedure has been previously reported. [22] After following the bladder filling protocol as described above, patients were set up on the treatment unit aligned with the tattoos and daily imaging was performed for setup verification, using the onboard MVCT. The MVCT images and the KVCT (kilo-voltage CT) planning images were first auto coregistered by using bone and soft tissue matching technique and a fine resolution setting. After automatic matching, fine manual adjustments were done using direct visualization of the prostate by the oncologist for all fractions. Translational shifts (in mm) were recorded as a combination of this 2 step process in lateral, longitudinal and vertical directions and rotational shifts (roll, pitch and yaw) were recorded in degrees. All fractions were corrected on the basis of final online matching. Patients were repositioned if any of the uncorrectable rotational error (i.e., pitch and yaw) were more than 2 degrees.
Patients were followed up with clinical examination and PSA testing every three months for the first year along with toxicity assessment. Imaging was only done if clinically indicated. Biochemical failure was defined according to the revised ASTRO definition (Phoenix) of at least 2 ng/mL greater than the nadir PSA. [23] Statistical data was analyzed using Statistical Package for Social Sciences (SPSS) version 15.0. Mean values are indicated with standard deviation or 95% confidence interval. Events were calculated from the date of diagnosis (HPR confirmation) to the day of event. Plans were assessed by dose volume histogram analyses and visual interpretation of isodoses in transverse, sagittal and coronal views. V 95% (percentage volume of target receiving at least 95% of the prescribed dose), V 105% , D 5% (dose in Gy, received by 5% of the target volume), D 95% , D 99% (representing underdosage within the target) and D 1% (representing areas of high dose in the target) were checked for target. Homogeneity index and conformity index were calculated for each plan. [24] Doses to critical structures were assessed by their mean dose and D 1% .
Conformity Index = (V Target95% /V Tumor ) × (V Target95% /V Body95% ) Homogeneity Index = (D5%-D95%)/Mean dose to target Translational shifts after daily registration have been reported in terms of mean, individual patient mean, standard deviation and standard error of mean. Systematic error and population random error have been calculated by following ways.
Systematic error (Σ) = Standard deviation of mean shifts per patient.
Random error (σ) = Root mean square of standard deviation of each patient. Where x is lateral shift, y is vertical and z is caudo-cranial shift.
RESULTS
Fifty-three patients of prostate carcinoma who were accrued in an IRB-approved prospective protocol, treated with helical tomotherapy-based IMRT have been prospectively evaluated on dosimetric and clinical aspects. Four patients received postoperative radiotherapy. At presentation, median PSA value was 23 ng/ml (range, 1.60 to 100.37). Most of them (44 patients) had high risk disease. All high risk patients received neoadjuvant hormonal therapy prior to radiotherapy and the median duration of neoadjuvant therapy was 3 months and has been planned for concomitant and adjuvant therapy for 2-3 years [ Table 1 ].
Dose to primary and pelvic nodes have been enumerated in Table 2 with respective BED and EQD2 with different a/b (1.5, 3, 10) values [ Table 2 ].
Using an optimization target of 100% of the PTV volume to be covered by 95% of the prescription dose, the mean volume covered by the 95% isodose (V 95% ) was 99.26% (SD 1.24) for the PTV primary and 99.38% (SD 0.34) for PTV nodes [ Table 3 ].
The required PTV margins for translational movements have been validated by implementing Marcel van Hark's formula in first 500 observations. Required PTV margin (90% probability of CTV volume to be covered by 95% of isodose curve) for lateral, longitudinal and vertical axes were 11.30 mm, 9.95 mm and 13.49 mm, respectively [ Table 4 ]. Resultant vectors of translational shifts were mostly between 3 mm and 15 mm and were distributed normally with 165 observations between 6 and 10 mm [ Table 5 ]. Offline audit of shift data revealed 7% to 8% chance of missing a part of CTV if patients were treated without image guidance with a uniform 10 mm CTV to PTV expansion [ Table 6 ].
All patients except two completed their scheduled radiotherapy treatment. One patient defaulted radiotherapy after receiving 22 Gy (planned for 74 Gy in 37 fractions) and radiotherapy has been prematurely concluded in other patient at 45 Gy (planned for 60 Gy in 20 fractions) due grade 3 genitourinary complication. Most patients have tolerated treatment well with 14 (26.4%) and 12 (22.6%) grade 2 acute rectal and urinary toxicity, respectively [ Table 7 ].
After median follow-up of 23 months for the whole cohort of 53 patients, the biochemical relapse-free survival rate is 95.2% (nadir +2 definition). [23] Three-year actuarial biochemical relapse-free survival is 78.4%. At median follow-up, overall survival is 95.0%.
DISCUSSION
Recently published clinical data suggest a/b ratio of 1.5 Gy for prostate cancer, which is lower than for rectum of 3 to 6 Gy. [12] This would suggest the role of hypofractionated radiotherapy regimens in dose escalation and differentially improving the therapeutic ratio by increasing local control rates at acceptable rectal toxicity.
There have been multiple phase three trials testing the above hypothesis against conventional fractionation. The use of higher doses especially >74-80 Gy resulted in better biochemical and local control rates than conventional doses of <70 Gy. Initial dose escalation trials using conventional external beam radiation therapy (EBRT) techniques resulted in unacceptably high rates of morbidity. With conventional techniques, it was not always feasible to safely deliver high doses of radiation to the prostate without exceeding the tolerance of the surrounding bowel and bladder, resulting in serious late toxicity. [10] [11] So, it is postulated that hypofractionated dose escalation with the help of IMRT-based planning and treatment delivery under image guidance can bring the required balance in adequate local control rates and low rectal toxicity.
One of the recent studies by Pollack et al. compared 70.2 Gy/26# versus 76 Gy/38# using IMRT reported acute toxicity grade 3 or more in 8% versus 2%, respectively. [25] The longterm results showed 23% difference in the freedom from biochemical failure (FFF) with hypofractionation at the median follow-up of 8.7 years. [26] There was no grade 3 or more late toxicity reported. In other trials by Arcangeli et al. and Norkus et al. with 3.1 to 3 Gy per fractions using 3DCRT also reported acute toxicity grade 3 or more in 1% or less, respectively. [27, 28] Most of the studies have shown improvement of biochemical control rates with hypofractionated treatments when the equivalent doses were ≥ 80 Gy 3 with low acute toxicity rates (grade 3 or more <5%).
Maggio et al. reported safe delivery of median dose of 100 Gy (EQD (2, a/b = 10) = 113 Gy) to the dominant intraprostatic lesion (DIL) using hypofractionated RT with IGRT without violating safe constraints for the organs at risk. [29] The typical rectal NTCP values were around or below 1%-3% for G3 toxicity and 5%-7% for G2-G3 toxicity. For the 100 Gy DIL dose boost strategy, mean D95% of DIL and PTVDIL were 98.8 Gy and 86.7 Gy, respectively. In present series no undue toxicity (≥ grade 3 acute genitourinary or gastrointestinal toxicity) was observed. It has been demonstrated before that the volume of rectum, which receives doses of 20-50 Gy correlates with acute toxicity; this is very well confirmed in the current study also. [29] In a recent CHHip trial which randomly assigned 153 patients to conventional (74 Gy/37#) or hypofractionated high-dose intensity-modulated radio therapy (60 Gy/20# or 57 Gy/19#). At 50·5 months median follow-up (IQR 43·5-61·3), six (4·3%; 95% CI 1·6-9·2) of 138 in conventional group; 5 of 137 (3·6%; 1·2-8·3) in 60 Gy and two of 143 (1·4%; 0·2-5·0) had bowel toxicity of ≥ grade 2 at 2 years. For bladder also there was no significant difference in toxicities in various arms. [30] The genitourinary toxicity largely depends on the overlap volume of PTV with bladder mucosa. Unlike previous studies a uniform margin around the CTV as overlapping volumes over bladder and rectum were not given any differential weightage. This means, there was no difference in the dose prescription and constraints applied to the portion of the PTV overlapping the rectum. The low acute toxicity seen in present series suggests that the effect of higher doses in a relatively small overlapping volume, which gets diffused over the treatment course due to variable rectal anatomy. The systematic use of rectal emptying procedures like diet, laxatives, rectal enema/ wash rectal balloons may be used to further reduce the prostate and rectal motion as reported by some investigators. This can further help reduce toxicity. [31] [32] [33] To contain acute as well as late toxicity, it is important to achieve maximum sparing of organs at risk while treatment planning and precise treatment delivery using image guidance to obviate set-up errors and internal organ motion. Most of the modern series have used IMRT for treatment planning with various techniques for image guidance like ultrasound, DRR with implanted fiducials, CBCT and MVCT as per availability. [11] Schubert et al. had reported setup errors of 1274 prostate patients treated with helical tomotherapy and found a vector displacement of more than 10 mm in 48.1% of the fractions. [34] In the current series it was proved that in absence of image guidance there is a chance of missing the CTV marginally in 7% to 8% of fractions with 1 cm margins [ Table 6 ]. On analysis of 500 observations, a vector displacement of more than 10 m was seen in 46% of the treatment fractions. The availability of online image gating capability for correction of intrafraction movement would have further helped in reducing the chances of errors although the dosimetric effect of observed prostate motion on target is small and infrequently severe. [35] Like other studies, 96% biochemical response has been achieved at median follow-up of 15 months. [11] The 2-year actuarial biochemical relapse-free survival (80.6%) is also comparable with other series. [11, 12] The long-term toxicity and outcomes cannot be reported adequately and would require longer follow-up in larger number of patients. The current work reports feasibility of safe practice of hypofractionated radiation and is found comparable to literature. The tomotherapy-based treatment planning was found to be capable of achieving maximum sparing of organs at risk, without compromising target coverage. The image guidance using MVCT was also satisfactory in daily online matching and set-up correction.
So the use of hypofractionated schedules in prostate cancer is justified with minimal acute toxicity and acceptable short-term local control rates when practiced with image guidance. This study is important in the set up of a developing nation because hypofractionated regimens promising more convenient treatment schedules reduces outpatient travel and overall machine commitments in constraint set up. This is the first study from India to systematically report the use of hypofractionated schedules in prostate cancer with acceptable acute toxicity and short-term local control rates when practiced with image guidance. Hypofractionated RT has the potential to reduce the machine burden in a busy department while image guidance largely negates the effect of organ motion and set-up errors, which can have a larger detriment with hypofractionation.
